The authors examined the relationship of prepregnancy body mass index (BMI) and gestational weight gain (GWG) with child neurodevelopment. Mother-child dyads were a subgroup (n = 2,084) of the Child Health and Development Studies from the Oakland, California, area enrolled during pregnancy from 1959 to 1966 and followed at child age 9 years. Linear regression was used to examine associations between prepregnancy BMI, GWG, and standardized Peabody Picture Vocabulary Test and Raven Progressive Matrices scores and to evaluate effect modification of GWG by prepregnancy BMI. Before pregnancy, 77% of women were normal weight, 8%
levels of inflammatory cytokines (Niculescu & Lupu, 2009; Tozuka et al., 2009 ) that can potentially permanently alter fetal brain development trajectories (Bolton & Bilbo, 2014) . In contrast, other evidence suggests that appropriate GWG may mitigate adverse effects of higher BMI values on child neurodevelopment (Huang et al., 2014; Pugh et al., 2015; Pugh et al., 2016a; Rodriguez et al., 2008) .
Some, but not all (Brion et al., 2011; Hinkle et al., 2016; Keim & Pruitt, 2012) , studies find associations between maternal BMI and/or GWG and adverse cognitive outcomes in children, with a majority of studies reporting associations for specific BMI categories, such as obesity (Daraki et al., 2017; Hinkle et al., 2013; Huang et al., 2014; Jo et al., 2015; Krakowiak et al., 2012; Mann, McDermott, Hardin, Pan, & Zhang, 2013; Pugh et al., 2015; Rodriguez, 2010; Rodriguez et al., 2008; Tanda, Salsberry, Reagan, & Fang, 2013; Tavris & Read, 1982; Torres-Espinola et al., 2015; Yeung, Sundaram, Ghassabian, Xie, & Buck, 2017) or low and/or high BMI values (Basatemur et al., 2013; Hinkle et al., 2012; Huang et al., 2014; Neggers, Goldenberg, Ramey, & Cliver, 2003; Pugh et al., 2016a) . For GWG, several studies have reported adverse effects of low GWG (Gage, Lawlor, Tilling, & Fraser, 2013) , high GWG (Huang et al., 2014; Pugh et al., 2016a; Tavris & Read, 1982) or excessive GWG (>2009 Institute of Medicine [IOM] guidelines; Gage et al., 2013; Pugh et al., 2015) , while others report positive associations between GWG and cognitive outcomes (Gage et al., 2013) . Altogether, the preponderance of evidence suggests that higher BMI values and low or high GWG may have adverse consequences for child neurodevelopment, but several gaps remain. Some previous studies were conducted with very small numbers of overweight or obese women, limiting their ability to evaluate differential effects of prepregnancy BMI. Other studies only reported results from early childhood (Bitsko et al., 2016; Casas et al., 2013; Hinkle et al., 2012; Hinkle et al., 2013; Hinkle et al., 2016; Jo et al., 2015; Rodriguez, 2010; Torres-Espinola et al., 2015) or did not account for concurrent weight or height of the child in analyses (Gage et al., 2013; Hinkle et al., 2012; Hinkle et al., 2016; Huang et al., 2014; Keim & Pruitt, 2012; Pugh et al., 2015; Pugh et al., 2016a; Pugh et al., 2016b; Tavris & Read, 1982; Torres-Espinola et al., 2015) . Finally, several studies only evaluated effects of BMI or GWG alone, and did not evaluate the joint associations between these factors (Basatemur et al., 2013; Brion et al., 2011; Hinkle et al., 2013; Krakowiak et al., 2012; Mann et al., 2013; Neggers et al., 2003; Rodriguez, 2010; Rodriguez et al., 2008; Tanda et al., 2013; Tavris & Read, 1982; Torres-Espinola et al., 2015) . Our objective was to determine the relationship of maternal prepregnancy BMI and GWG with child neurodevelopment in midchildhood among mother-child dyads who participated in the Child Health and Development Studies (CHDS). We hypothesized that higher prepregnancy BMI and higher GWG would have negative associations with child cognitive outcomes. We also hypothesized that associations of GWG with child cognitive outcomes would vary by prepregnancy BMI, with stronger negative associations in women with higher BMI.
| METHODS
The CHDS is a prospective birth cohort that has been previously described (van den Berg, Christianson, & Oechsli, 1988) . Briefly, the CHDS enrolled 98% of eligible pregnant women who were receiving obstetric care between 1959 and 1966 from the Kaiser Foundation Health Plan in the Oakland, California, area. Women were enrolled after confirmation of pregnancy and followed through delivery. Dyads were followed post-partum to at least child age 5 years. Detailed information on maternal characteristics was obtained through maternal interview. After delivery, maternal and paediatric records were abstracted for information about prenatal care and pregnancy outcomes. From 1959 to 1967, the CHDS cohort included 14,909 live births with a maternal interview. Follow up relevant to this analysis was conducted on a subset of dyads with live births enrolled from 1960 to 1963 (n = 9,708). Of the dyads enrolled during this period that continued to reside in the Bay Area at child age 9 years (n = 6,614), 3,737 dyads were brought in for a follow-up visit at this time.
For this analysis, women with implausible gestational ages (>44 weeks), last measured prenatal weights >4 weeks before delivery, twin gestations or missing BMI, GWG, or outcome (i.e., child cognition at age 9 years) data were excluded. Women (n = 44) with implausible weight change from their self-reported prepregnancy weight to their first measured weight at~14 weeks of pregnancy, defined using the 1st and 99th percentiles for weight change (weight loss >6.23 kg and weight gain >12.94 kg), were also excluded. This yielded an analytic sample of 2,084 singleton children and their mothers from the original CHDS population (Figure 1 ). This analysis was approved by the Institutional Review Board at Columbia University Medical Center. 
| Exposures

Key messages
• There is mixed evidence of the association between prepregnancy BMI, pregnancy weight gain, and child cognitive development with some, but not all, studies reporting associations between these factors and neurodevelopment in childhood.
• In a large cohort, this study found that maternal overweight and obesity, but not pregnancy weight gain, were associated with lower verbal recognition scores in mid-childhood.
• Maternal prepregnancy BMI and pregnancy weight gain
were not associated with perceptual reasoning scores in mid-childhood.
| Outcomes
At ages 9-11 years, children were administered the Peabody Picture Vocabulary Test (Osicka, 1976) , which tests receptive vocabulary, and the Raven Coloured Progressive Matrices Tests (Raven, 1965 (Raven, , 1962 , which assess perceptual reasoning. The Peabody test remains widely used to assess receptive vocabulary in children and adults, and recent studies have explored changes in development assessed with the Peabody test from childhood to adulthood (Armstrong et al., 2016) and use of different versions of the test (Armstrong et al., 2016; Hoffman, Templin, & Rice, 2012) . The Raven test has been widely applied to assess basic cognitive functioning (Mackintosh & Bennett, 2005) , and the change and stability of scores have previously been reviewed (Raven, 2000) . Trained research staff administered tests.
Raw scores were standardized for age, race, and sex, with a mean of 50 and a standard deviation of 10.
| Covariates
Potential covariates examined included family income (<40% of 1960 census median, 40-60% census median, >60% census median), maternal education (<high school, high school and/or vocational school, ≥college), marital status (married/not married), smoking status during pregnancy (smoker/not smoker), race (White, Black, Hispanic, Asian), age (years, continuous), parity (n, continuous), and gestational age at last measured prenatal weight (weeks, continuous), as well as child gestational age at delivery (weeks between last menstrual cycle and delivery, continuous), sex (dichotomous), weight at birth (g, continuous,
abstracted from medical record), and measured weight (kg, continuous) and height (cm, continuous) at exam. In a subset (80%) of participants, maternal Peabody Score (continuous) was assessed at the 9-to 11-year visit.
| Statistical analyses
Analyses were conducted with Stata 14.0 (College Station, TX). An alpha of 0.05 was used for statistical tests of associations and interactions. Preliminary analyses compared the baseline characteristics of dyads in the analytic sample (n = 2,084) to those who were not in the analysis but who had child cognitive outcomes measured at ages 9-11 years (n = 1,653) using chi-square tests for categorical variables and t-tests for continuous normally distributed variables and Wilcoxon rank-sum test for non-normally distributed continuous variables.
As previously described and to contextualize GWG in our cohort to the present day, we evaluated adherence to the 2009 IOM guidelines in descriptive analyses using GWG adequacy ratios, which accounts for the gestational age at the last measured weight (GWG adequacy = observed total GWG/expected GWG), where expected GWG = IOM recommended first trimester GWG + (gestational age at last weight-13 weeks) × the recommended rate of GWG for the second and third trimesters (Institute of Medicine , 2009). Ratios exceeding the recommendations were coded as excessive GWG, while ratios below the recommendations were coded as inadequate GWG.
Multivariable linear regression with robust standard errors and clustering by mother (to account for multiple children per family) was used to examine the relationship of prepregnancy BMI and GWG, as a continuous variable in kg, to standardized Peabody and Raven scores.
Our first model set included prepregnancy BMI categories, GWG and an interaction term between pregnancy BMI category and GWG, to test for interaction on the additive scale. We decided a priori that if no effect modification was observed, the variables would be evaluated for independent main effects. Potential covariates based on prior literature were evaluated for inclusion in adjusted models and retained if they changed the primary exposure effect estimate by 10%. We hypothesized that childhood body size was likely on the causal pathway between maternal BMI/pregnancy weight gain, with which it is strongly associated, and child cognition. However, due to the complexity of these associations and the multifaceted biological drivers of cognition, we chose to explore this pathway by examining the primary models both with and without adjustment for child height, weight, and birthweight. Maternal age, income, race, education, and parity met the criteria for inclusion in the adjustment set.
Several sensitivity analyses were conducted: (1) Quartiles of GWG:
Analyses were conducted with quartiles of GWG, derived from the continuous variable, to assess for linearity of associations. (2) Siblings: sensitivity analysis was conducted excluding preterm deliveries (<37 weeks gestational age). (5) Maternal Peabody IQ score: A sensitivity analysis was conducted including maternal Peabody score as a covariate. (6) Selection bias: An analysis was conducted using inverse probability weighting to assess the effects of incomplete follow up at the 9-to 11-year visit . This approach allows for estimation of bias if missing data were differential by exposure or key covariates. A logistic regression model was used to estimate the covariate-adjusted probability of inclusion in this analysis. The model included the following variables: maternal BMI at first study visit, race, age, education, and parity. The inverse of the predicted probability of inclusion was used for sample weighting in linear regression analyses with survey commands in Stata.
| RESULTS
There were no differences in GWG, parity, race, maternal age, marital status, child sex, or birthweight between those included in this analysis and those with missing data; however, included children were younger, had slightly higher standardized Peabody and Raven scores, and were shorter and lighter at the 9-year measurement than excluded children, and included mothers were slightly heavier, more highly educated, and had higher income than excluded mothers (Table 1) . Figure S1 ). Specifically, a larger proportion of overweight and obese women exceeded the IOM GWG guidelines, while a larger proportion of underweight and normal weight women gained less than the recommended amounts.
In our multivariable models, we were interested in evaluating whether child body size mediated associations of maternal prepregnancy BMI category and GWG with child outcomes. While inclusion of birthweight decreased estimated beta-coefficients by >10% (data not shown), inclusion of child current body size in the model increased the estimated beta-coefficients for prepregnancy
BMI categories by >10% (data not shown). This was in contrast to what
we expected: We hypothesized that if child body size mediated the relationship, inclusion in the model would decrease the beta-coefficient. We therefore concluded that current child body size was acting as a confounder and birthweight was acting as a mediator.
Our first model set included prepregnancy BMI categories, GWG, and an interaction between prepregnancy BMI categories and GWG to evaluate if effects of GWG varied by BMI, adjusting for covariates.
In this model, associations with GWG did not vary by prepregnancy BMI (P-value for interaction >0.05), so the interaction term was not retained in subsequent models. The second model set included both prepregnancy BMI category and GWG as independent exposures and covariates, and is denoted the primary model set for comparisons. In the Peabody model, we observed that compared to women with normal prepregnancy BMI, women who were overweight and obese had children with lower Peabody scores at 9 years ( Figure 2 ; Table S2 , Model 2), controlling for GWG. In this model, GWG was not independently associated with child Peabody score (Table S2, Model 2). Neither prepregnancy BMI category nor GWG was associated with child Raven scores (Table S2 , Model 2); however, the estimated beta coefficients relating prepregnancy BMI categories Age at 9-year exam, years (Mean ± SD) 9.8 ± 0.82
Weight at age 9, kg (Mean ± SD) 33.5 ± 7.2
Height at age 9, cm (Mean ± SD) 137.6 ± 7.6 and GWG to the Raven score followed a similar inverse trend to the Peabody scores. Our third model set was the unadjusted model and included only prepregnancy BMI category and GWG; unadjusted results were similar to the adjusted primary model (Table S2 , Model 3).
In sensitivity analyses conducted using quartiles of GWG (n = 2,084), including only the oldest CHDS child per family (n = 1,825), and excluding preterm deliveries (n = 1,935), observed associations were similar to the full cohort adjusted model without interaction terms (Model 2; Table S2 , Models 4, 5, and 7, respectively).
In a sensitivity analysis that included only women with weights measured within a week of delivery (n = 1,882) and that adjusted for maternal Peabody IQ score (n = 1,652), estimated beta-coefficients were similar in direction, but smaller in magnitude compared to the full cohort adjusted model without interaction terms (Model 2; Table S2 , Models 6 and 8, respectively).
Calculation of inverse probability weights for those included in this analysis compared to those whose cognitive abilities were measured at 9 years but were not included in this analysis showed that maternal education was associated with inclusion, while higher maternal BMI at the first study visit was associated with a reduced likelihood of inclusion; race, parity, and age were not associated with inclusion.
Weighting the data for successful follow up did not appreciably alter associations between maternal BMI categories and child outcomes (Table S1 , Model 9).
| DISCUSSION
We found evidence of associations between maternal BMI and cognitive scores in mid-childhood. Maternal overweight and obesity were associated with lower scores for the Peabody Picture Vocabulary Test, an indicator of verbal recognition. Maternal BMI categories were not associated with the Raven Progressive Matrices Tests, a non-verbal indicator of perceptual reasoning, although results were in the expected direction. Because these tests reflect different cognitive domains, our findings suggest that verbal abilities could perhaps be more susceptible to the adverse effects of maternal obesity during pregnancy. However, the biological rationale for these differences is not clear, and these differential findings may also be explained by the challenges in measuring these different components of cognition.
Our results also indicate that GWG is not associated with cognitive scores in mid-childhood.
We conducted several sensitivity analyses. We observed similar results for prepregnancy BMI with use of GWG quartiles, rather than continuous GWG. As data on maternal IQ was not available on all participants, we conducted a sensitivity analysis with the additional adjustment for IQ in a subset of participants. The beta-coefficients for maternal overweight and obesity were modestly attenuated compared to the primary model, but due to a smaller sample size (1652 vs. 2084), the results were no longer significant. The other sensitivity analyses, including inverse probability weighting for successful follow-up, confirmed the results of the primary analysis.
Our results for maternal prepregnancy overweight and obesity are consistent with two other studies that reported inverse associations between maternal BMI and child cognition. Specifically, higher BMI was associated with lower kindergarten standardized readings scores in a nationally representative U.S. cohort (Hinkle et al., 2013) and poorer performance on the British Ability Scales at ages 5 and 7 years in a United Kingdom-based cohort (Basatemur et al., 2013) . Although these BMI results are consistent with our findings, GWG was not examined in these reports.
Several studies have examined both BMI and GWG and are consistent with our findings. In U.S. dyads from Pittsburgh, prepregnancy overweight and obesity were associated with lower child IQ at age 10 years, while there was no overall association between GWG and child IQ (Pugh et al., 2015) . In a low-income cohort of African American women, prepregnancy obesity was associated with lower general IQ and nonverbal abilities scores at child age 5 years, while GWG was
Association between maternal prepregnancy body mass index (BMI) category and child cognitive test scores at age 9 years (n = 2,084) with normal weight BMI as the referent group. Results shown are estimated beta-coefficients for standardized continuous Peabody and Raven scores from multivariable linear regression models, controlling for covariates not associated with child outcomes (Neggers et al., 2003) . In a nationally representative U.S. cohort, prepregnancy obesity was associated with a reduction in child reading and mathematics scores at ages 5-7 years on the Peabody Individual Achievement Test, whereas high GWG (>2009 IOM recommendations) was not associated with child outcomes (Tanda et al., 2013) .
Two studies reported results consistent with ours for prepregnancy body size, but in contrast to our report, observed associations between GWG and child outcomes. In a Pittsburgh cohort, maternal prepregnancy BMI values above 22 kg/m 2 and high GWG were each associated with lower reading, math, and spelling scores ages 6, 10, and 14 years (Pugh et al., 2016a) . In a United Kingdom cohort, prepregnancy weight was inversely associated with IQ at age 8 years, and GWG from early to mid-pregnancy (0-28 weeks) was positively associated with child IQ (Gage et al., 2013) . Because GWG was examined by phase of pregnancy in this study, the results cannot be directly compared to ours. In the U.S. Collaborative Perinatal Project cohort, prepregnancy obesity was associated with lower IQ at age 7 years, with stronger associations among mothers with high GWG (Huang et al., 2014) .
This study has several limitations. First, our results may not be fully generalizable to the current population of women of childbearing age, as the prevalence of overweight and obesity in our cohort is much lower than the current prevalence in the United States (Flegal et al., 2016; Ogden et al., 2014) ; however, there is no evidence that the biological association between maternal body size, GWG, and neurodevelopment has changed over time (Pugh et al., 2015) .
Although our study population was all receiving health insurance during pregnancy and we accounted for several measures of socioeconomic status in our analyses, there may still be residual confounding due to socioeconomic status or other unmeasured factors. We had limited numbers of participants with both adequate GWG and maternal obesity (n = 10), and thus were underpowered to evaluate for interactions between prepregnancy BMI and GWG according to IOM guideline adherence in this cohort (Institute of Medicine, 2009).
Furthermore, there was potential for selection bias due to restrictions on who was included in our analysis. We conducted several sensitivity analyses, including inverse probability weighting, to evaluate whether our results were biassed based on our inclusion criteria, and the results were not meaningfully changed. We had a smaller sample of women with data on IQ, and the effect sizes for prepregnancy BMI category were somewhat attenuated after adjustment for maternal IQ in this sub-sample; however, the beta-coefficients were not appreciably different. We were not able to account for paternal obesity or gestational diabetes in our analyses (Daraki et al., 2017; Yeung et al., 2017) , which may be important to consider in future work. In addition, gestational age was assessed from the last menstrual period, as ultrasound was not common at the time of the study, which could result in bias of our last maternal weight measurement timing due to measurement error, which would likely be nondifferential and bias results towards the null (Savitz et al., 2002) . Finally, the cognitive tests reported are domain-specific measures and are not direct measures of academic skills; however, our results for prepregnancy BMI are similar to another report with academic outcomes in childhood (Pugh et al., 2016a) .
Strengths include our ability to examine two cognitive outcomes, reflecting different cognitive domains, with a relatively large sample size and with adjustment for a range of confounders, including maternal education and, in a subset, maternal IQ.
| CONCLUSION
In summary, we found that maternal prepregnancy overweight and obesity were associated with a reduction in verbal recognition cognitive test scores in mid-childhood. Furthermore, we observed that GWG was not associated with child cognitive test scores. These findings suggest that strategies to ensure a healthy BMI before pregnancy may have long-term effects on child cognitive outcomes. Although the observed associations are small, these findings may be of public health importance for population education, employment, and earning potential, especially because of the present-day high prevalence of overweight and obesity in women of childbearing age (Flegal et al., 2016; Ogden et al., 2014) . Future studies in contemporary populations should consider the role of higher prepregnancy BMI values, such as class II and class III obesity (BMI >35 kg/m 2 ), and the pattern of weight gain across the three trimesters of pregnancy in child neurodevelopment.
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